The authors proposed a model of the control of interceptive action over a ground plane (Chardenon, Montagne, Laurent, & Bootsma, 2004) . This model is based on the cancellation of the rate of change of the angle between the current position of the target and the direction of displacement (i.e., the bearing angle). While several sources of visual information specify this angle, the contribution of proprioceptive information has not been directly tested. In this study, the authors used a virtual reality setup to study the role of proprioception when intercepting a moving target. In a series of experiments, the authors manipulated proprioceptive information by using the tendon vibration paradigm. The results revealed that proprioception is crucial not only to locate a moving target with respect to the body but also, and more importantly, to produce online displacement velocity changes to intercept a moving target. These findings emphasize the importance of proprioception in the control of interceptive action and illustrate the relevance of our model to account for the regulations produced by the participants.
Describing how the various sources of information available while performing a goal-directed displacement are involved in the control process is a topical issue. Even if researchers tried to show how a single source of information (e.g., tau or optical acceleration) can underlie the perceptual control of goal-directed displacements under a variety of circumstances, recent contributions provide a different picture. By showing that information underlying the perceptual control of goal-directed displacement could be independent of optic flow, Rushton, Harris, Lloyd, and Wann (1998) opened the door for new kinds of experiments in which the possible use of multiple sources of information, including those independent of the optic flow, were systematically studied. It is now clearly established, both empirically and theoretically, that participants simultaneously manage several sources of information and place priority on the most salient ones depending on task and environmental constraints (e.g., Laurent, Montagne, & Durey, 1996; Tresilian, 1999; Warren, Kay, Zosh, Duchon, & Sahuc, 2001; Wilkie & Wann, 2002; Duchon & Warren, 2002; Chardenon, Montagne, Laurent, & Bootsma, 2004) .
Even if these studies are based on very different tasks (e.g., heading tasks, interceptive tasks), the behaviors exhibited by the participants are well captured by simple models based on a weighted linear combination of a few perceptual variables. Duchon and Warren (2002) , for example, showed how the control of steering down a corridor can be achieved via a general equalization strategy. More precisely, the participants have been shown to equate simultaneously, though at a different rate, the speed of the flow, the splay angles of base lines, and the visual angles of texture on the left and right hand side walls. In the same way, the control of heading tasks (i.e., displacements toward a goal) entails the simultaneous use of sources of information available in the perceptual flow or related to the egocentric direction of the goal (e.g., Wann & Land, 2000; Warren et al., 2001; Wilkie & Wann, 2002 , 2003 . Warren et al. (2001) reported that the weight allotted to sources of information is related to the flow rate, which depends on the magnitude of flow resulting from both the environmental structure and the participant's velocity. Chardenon, Montagne, and various collaborators (Chardenon, Montagne, Buekers, & Laurent, 2002; Chardenon et al., 2004 , Chardenon, Montagne, Laurent, & Bootsma, 2005 ) (see also Fajen & Warren, 2004 ) provided a similar account of the underlying perceptual-motor mechanisms in the framework of interceptive tasks. The participants were asked to move along a straight path and could freely modify forward velocity, if necessary, in order to intercept a moving target with his or her head (Figure 1 ). The behavior of the participant exhibited in various circumstances was explained by a model linking the participant's acceleration to the rate of change in bearing angle, that is, the angle subtended at the point of observation by the current position of the target and the current direction of displacement (Chardenon et al., 2002 (Chardenon et al., , 2005 ( Figure 1A and Equation 1). The participants compensate any change in bearing angle by accelerating or decelerating accordingly (see also Lenoir, Musch, Thiery, & Savelsbergh, 2002) . Because the system cannot respond immediately to informational changes, and to prevent the system from oscillating around its equilibrium position, a damping term based on the participant's velocity was added (for a similar model architecture, see Warren et al., 2001 and Wann, 2002) . Various sources of information give access to the bearing angle , and the changes in locomotor velocity have been shown to depend on a linear combination of sources of information available in the perceptual flow and sources of information related to the visual egocentric direction of the target (Wilkie & Wann, 2002; Chardenon et al., 2004) .
where Ÿ is the participant's acceleration, is the rate of change in the bearing angle, Ẏ the participant's velocity, k 1 and k 2 are constants. All these studies were based on very similar methodologies. The role of the different sources of information was assessed using protocols in which the information available to perform the task was restricted and/or biased experimentally using virtual reality technology. The usefulness of virtual reality in behavioral neurosciences is no longer a matter of debate (see Tarr & Warren, 2002) . Nevertheless, the use of these kinds of setups led researchers to put the emphasis on visual sources of information (e.g., optic flow and visual egocentric direction) to the detriment of proprioceptive (or at least extra retinal) ones. Even if some models relied partly on proprioceptive information (Wilkie & Wann, 2002 , 2003 Bastin & Montagne, 2005) , the weight of these sources of information in the control process was determined systematically by omission (but see Wilkie & Wann, 2005 for a test of the vestibular information effect upon steering) while the other sources of information were biased experimentally. Bastin and Montagne (2005) , for example, restated the model of the control of steering developed by Wann (2002, 2003) and proposed that three kinds of perceptual variables, specifying the bearing angle (), could be involved in the control of interceptive actions: flow, visual and proprioceptive variables ( Figure 1 and Equation 2). More precisely, flow variable gives access to the bearing angle when the target is referred to the focus of expansion to extract the bearing angle. Proprioceptive and visual variables can theoretically help the participant perceiving the direction of the target in body-centered coordinates (i.e., the egocentric direction of the target). Nevertheless according to Wann (2002, 2003) , these two variables can give access separately to the egocentric direction of the target. When a visual reference materializing the midline body axis is available, the egocentric direction of the target is easily accessible on the basis of visual variables (Wilkie & Wann, 2002) . Even so, proprioceptive variables can also be used to locate the target in reference to the participants' midline body axis. In this case, signals emanating essentially from both neck and ocular muscles allow the participants to perceive the egocentric direction of the target.
where Ÿ is the participant's acceleration; F the Optic Flow; V the Visual direction; P Proprioception (these sources of information specify the rate of change of the bearing angle (see Figure 1) ; Ẏ is the participant's velocity; and k 1 , k 2 , k 3 and k 4 : all being constants. The experimental manipulations allowed Bastin and Montagne (2005) to bias optic flow and visual direction, while leaving proprioception unchanged. For example, when a participant attempts to intercept a ball, the displacement of a textured ground plane independently of the moving target can affect simultaneously the position of the focus of expansion and the visual direction of the ball, while leaving the proprioceptive direction of the ball unchanged (see also Wilkie & Wann, 2002 , 2003 for similar manipulations in steering tasks). The results indicated that the kinds of perceptual variables involved in the control process was context-dependent, but more importantly that proprioceptive variables played a prominent role in the control process. Indeed, when the only perceptual variables available were proprioceptive (i.e., the task was performed in the dark with the only target available) the task was performed as well as when all perceptual variables were available. Furthermore, stepwise multiple regression analysis allowed the authors to evaluate the contribution of the three kinds of perceptual variables in the control process. The results revealed that proprioceptive variables played a central role whatever the environment available, and accounted for an average of 60% of the total variance.
The aim of the present study was to manipulate experimentally muscular proprioception to identify its exact contribution while intercepting a moving target ( Figure 1A) . Tendon vibration offers a means of achieving this end, since it is known to specifically activate muscular proprioception. Indeed, most primary endings respond in a one-to-one manner to a low amplitude vibratory stimulus for frequencies between 1 and 100 Hz (Roll & Vedel, 1982) . Such responses of Ia muscle spindle afferents are well known to evoke illusory sensation of movement (Goodwin, McCloskey, & Matthews, 1972) . The influence of vibration applied to neck and/or ocular muscles when pointing toward stationary targets has also been extensively investigated in the past (Biguer, Donaldson, Hein, & Jeannerod, 1988; Roll, Velay, & Roll, 1991; Taylor & McCloskey, 1991; Corneil & Andersen, 2004) . Generally, the head of the participant is immobilized and the task is performed (visual) open loop toward a previously seen target. The analysis is based on a comparison of the pointing accuracy produced with and without vibration. The results obtained so far indicates that tendon vibration gives rise to an illusory motion of the (stationary) target in the opposite direction to the vibrated muscle. Indeed, when vibrating the inferior rectus muscle of the participant's eye and/or the sterno-cleidomastoidus muscle, the participant perceives a slow target illusory movement in the upward direction (Roll et al., 1991) . In the same way, vibrating left posterior neck muscles gives rise to a kinesthetic illusion of a slow target movement to the right (Biguer et al., 1988; Taylor & McCloskey, 1991) . More interestingly, manipulating the muscular proprioceptive channel also affected pointing movements, since vibrating neck muscles gives rise to a pointing bias in the direction of the perceived movement of the target (Roll et al., 1991) . These results highlight not only the usefulness of vibration to assess the role of proprioceptive inputs, but also the importance of proprioceptive information when controlling the movement of the hand toward a stationary target. This methodology has never been used to identify the role of proprioception in interceptive tasks. Biguer et al. (1988) asked participants to stop a moving spot when they thought it would cross their body midline. This experiment was designed to provide an objective measurement of the illusory sensation of displacement using a perceptual task. They showed that the spot was stopped more on the left, in comparison to the control condition, when the left posterior muscles of the neck were vibrated. These findings provide additional evidence in favor of the importance of neck muscular proprioception in the elaboration of visual space coordinates. These results lend support to the idea that more experimentation is needed to elucidate the precise role of proprioception in guiding action when intercepting a moving target.
In our first experiment, we used a judgment task to measure the illusory sensation of movement following neck muscle vibration. It is worth noting that the task used in our study was slightly different from the task used by Biguer et al. (1988) in several respects: we used a looming target (instead of a nonexpanding laser spot) and participant displacement was simulated during the task. The second experiment was designed to evaluate the role of muscular proprioception in an interceptive task when tendon vibration was applied to the neck muscles during the unfolding of the interceptive action.
Experiment 1

Method
Participants. Seven right-handed individuals (30 years Ϯ 6.9) volunteered to participate in the experiment. They all had normal or correctedto-normal vision. Each participant was asked to give written consent after being informed about the nature of the experiment. Participants were selected prior to the experimentation on the basis of their sensitivity to tendon vibration (details of the selection procedure are given in the procedure section). A local ethics committee approved the experimental protocol.
Apparatus and task. The setup consisted of a virtual environment (composed of 2 PC Dell Workstations and an Electrohome 7500 video projector) coupled to a switch that allowed participants to judge when the target would cross their midline. The visual scene was projected onto the projection screen (2.3 m high by 3.0 m wide), placed 0.70 m in front of the participants (providing a 118°x130°field of view) and was continuously refreshed at an average rate of 60 frames/s (see Figure 2) .
The target was a sphere (0.11 m in diameter) that was moving at eye level along a straight path at a constant lateral velocity (0.65 m.s Ϫ1 ), with an approach angle of 90°relative to the displacement axis. Two starting lateral positions gave rise to a flight time of either 4 or 6 s which prevented the participants from anticipating the flight time of the moving target. Participant's forward displacement in the virtual world was simulated at a constant speed (1.2 m.s Ϫ1 ) along a straight path that coincided with the body midline axis. In each trial, the target crossed the displacement axis 1 m in front of the participant whatever the initial lateral position of the target.
A helmet attached to an earth-fixed rest was used to prevent the participants from moving their heads. Participants were instructed to press a button when they thought the target would cross their displacement axis. At the end of a trial (i.e., when the target had crossed the midline) a bright white screen was briefly (250 ms) projected to prevent the participants from adapting to the dark. The screen was edged with matt black tape and all incidental light was excluded from the room to prevent the participants from using any visual sources of information related to the egocentric direction of the target.
Independent variables. We manipulated the environment (2) and the location (3) of tendon vibration.
Two virtual environments were used. In the Rich condition, both the target and a textured ground plane were available, giving rise to a global flow field in which both optic flow and muscular proprioception were available. In the Poor condition, only the target was visible; hence information from muscular proprioception only was available.
Tendon vibration was applied on either the left or right posterior side of the neck, so as to perturb the proprioceptive information that codes head position. Participants were presented with three different experimental conditions. In the Left condition, neck muscle vibration was continuously applied to the left hand side of the neck. In the Right condition, neck muscle vibration was continuously applied to the right hand side of the neck. In the Control condition, no vibration was applied.
Tendon vibration. Vibration was applied using a rack-mounted electromagnetic device (Ling Dynamic System Type 101) driven by rectangular pulses (4 ms) generated by a neuro stimulator connected to a power amplifier (LDS TP 025). The amplitudes and frequencies of the vibrator head displacements were constantly monitored using infra-red-emitting detecting photocells, fixed on the tip of the vibrator. The tip of the vibrator was T-shaped (4.3 cm wide) and was perpendicularly applied to the belly of each muscle group. For each participant, the vibration amplitude was adjusted prior to the experiment (0.2 to 0.5 mm, peak to peak) so as to induce, at 80 Hz, an optimal kinesthetic illusion. The amplitude was then kept constant throughout the experiment. The initial pressure exerted by the vibrators on the muscles resulted in a displacement of the vibrating rod. The resulting deflection in the infrared photocell signal was measured and used as a signal baseline for the experiment.
Procedure. Before the experiment began, we used neck muscle vibration to select participants who experienced a clear kinesthetic illusion during tendon vibration. Four participants were excluded from the experiment either because they did not report any clear kinesthetic illusion (1 participant) or because they only experienced an illusion when we stimulated the left hand side of the neck (3 participants). Karnath, Reich, Rorden, Fetter, and Driver (2002) reported a similar percentage of exclusion (i.e., 33% of the participants) in their experiment.
This illusion corresponded to a horizontal illusory movement of a stationary red spot presented in the dark, subtending a visual angle of 0.6°, and placed in the middle of the screen, at eye level. Participants who experienced a clear illusory effect claimed to see the target moving to the left when the right posterior neck muscles were being vibrated and to the right when the left posterior neck muscles were being vibrated.
Once selected, the participants were submitted to 10 training trials without vibration prior to the testing phase. Each participant then performed 6 trials for each of the 6 conditions (3 Tendon Vibrations ϫ 2 Types of Environment), giving a total of 36 trials. The experimental conditions were grouped into three blocks of 12 trials according to the tendon vibration condition (Control, Left, and Right). To ensure that tendon vibration gave rise to the illusion throughout the whole experimental block, we assessed the illusory displacement of a stationary target presented at the center of the screen every three trials. This procedure allowed us to notice that the illusion persisted throughout the whole session. A rest period of 10 minutes was given between the two vibration blocks. The order of the two tendon vibration blocks was counterbalanced across participants.
Dependent variable. Participants were asked to press a button when they thought the target crossed their body midline axis. At the moment of button press, the angular position of the target was recorded. More specifically, judgment performance was expressed as the angle subtended between the point of observation, that is to say the axis of displacement, and the current position of the target. As a consequence, small angular values represented accurate judgments, larger positive values early judgments and larger negative values late judgments.
Predictions. In the Control condition, judgments are expected to be accurate since neck proprioception is unaffected ( Figure 3A) . On the contrary, judgments in the right and left vibration conditions should show early and late respective biases. More precisely, when the right hand side of the neck is vibrated, the perception of the position of the head relative to the trunk is biased toward the left. As the head is immobilized in the helmet, this lengthening of the neck muscles can only be interpreted as coming from a rotation of the trunk toward the right ( Figure 3B ). If this is the case, Right neck vibration should elicit early judgments, due to an illusory sensation of trunk displacement (and as a consequence of the body midline axis) toward the right (cf., Biguer et al., 1988) . Conversely, Left Figure 2 . Schematic representation of the experimental setup. The visual scene was retro projected onto a screen placed 0.70 m in front of the participant. The target was moving at eye level along a straight path with an approach angle of 90°relative to the displacement axis. Participants' forward displacement was simulated at a constant speed. Participants were instructed to press a button when they thought the target crossed their displacement axis.
vibration should elicit late judgments due to an illusory sensation of trunk displacement toward the left (cf., Biguer et al., 1988) .
Finally, we expect the Environment to have an influence on judgments. The Poor environment should show more biases in judgment as all sources of visual information are excluded with only proprioceptive ones remaining. On the other hand, the Rich environment should show fewer biases as participants were provided with other signals (optic flow) that should reduce (or even prevent) the perceptual effects of tendon vibrations.
Results
It is worth noting that when no vibration was applied the judgments were closely scattered around the participants' body midline axis (mean: Ϫ0.76°; standard deviation: 2.7°).
A repeated measures analysis of variance of the angular errors with Environments and Tendon Vibrations as factors revealed that neither Environment, nor Tendon Vibrations had an influence on judgments made by the participants (F(1, 6) ϭ 0.18, ns and F(2, 12) ϭ 2.04, ns). However a significant interaction between these factors was found (F(2, 12) ϭ 5.07, p Ͻ .05). Post hoc comparisons (Tukey) showed that in the Rich environment, judgments were similar across all vibration conditions (Ϫ1.27°, Ϫ0.78°and Ϫ0.93°respectively in the left, control and right conditions). Conversely, in the Poor environment, judgments in the Left vibration condition were significantly different ( p Ͻ .05) from the judgments in the Right vibration condition (Ϫ2.28°, Ϫ0.75°and 0.63°respectively in the left, control and right conditions).
Discussion
In this first experiment, we determined whether tendon vibration applied on neck muscle groups can bias proprioceptive information in a task where participants judged when a moving target would cross their body midline. Following the work of Biguer et al. (1988) , we hypothesized that continuous tendon vibration would lead participants to misperceive the position of the head relative to the trunk and, as a consequence, make judgment errors. Indeed, Right vibration should cause participants to make early judgments (in comparison with the control condition), while Left vibration should cause participants to make late judgments. The results are in agreement with these predictions and are in accordance with the results obtained by Biguer et al. (1988) , where they made a simple comparison between Control and Left vibration conditions. The bilateral (and opposed) effect obtained in our study illustrates unambiguously the role of proprioception. It is worth noting that tendon vibration became ineffective in the Rich environment condition. This result is in agreement with several results reported in the literature (Biguer et al., 1988; Velay, Roll, Lennerstrand, & Roll, 1994) and undoubtedly highlights the fact that when additional visual information is available, for example a textured flow, participants can perform the task equally well with and without tendon vibration.
In this first experiment, proprioceptive information was shown to be affected by tendon vibration in the poor environment condition. According to our model (Equations 1 and 2), proprioceptive information is one of many possible sources of information that are used to control interceptive action (also Warren et al., 2001; Wilkie & Wann, 2002) . The second experiment aims to identify the exact contribution of proprioceptive information when performing an interceptive task where participants control their forward displacement velocity by means of a joystick. In the Control condition judgments should be unaffected (A). When the right hand side of the neck is vibrated, the perception of the position of the head relative to the trunk is biased (B). Given that the head is immobilized through the helmet, vibration-induced lengthening of the neck muscles on the right hand side could only be brought about by rotating the trunk toward the right. This would mean that the right vibration condition should elicit "early" judgments.
Experiment 2
Method
Participants. Six of the seven participants (aged 30 years Ϯ 7.5) from the first experiment participated in the second experiment.
Apparatus. The experimental setup was identical to the one used in the first experiment, apart from the analogue joystick that allowed participants to control their displacement velocity in the virtual environment. Participants moved along a straight path in the virtual environment and could change their forward velocity at will so as to intercept the moving target. By moving the joystick forward and backward, the participant could change his or her travel speed in the range of 0.6 to 1.8 m.s Ϫ1 . With this type of setup, the positional modifications in the visual display caused by the participant changing his or her displacement velocity were available within a maximum delay of 30 ms.
Task and procedure. The target (0.11 m in diameter) was displayed at eye level and moved along a straight path perpendicular to the direction of travel with a lateral velocity of 0.65 m.s
Ϫ1
. The starting lateral position (5.2 m) for the target meant that it crossed the body axis midline after 8 s. The participants were required to adjust their displacement velocity in such a way that they would intercept the target with their head when it crossed their displacement axis. The arrival position of the target along this axis was manipulated by varying the depth of the starting position (Target Offset).
In order to control the initial conditions, the initial displacement velocity of the participant was fixed at 1.2 m.s Ϫ1 before target appearance. Prior to the experiment, a training period was given, during which participants were required to intercept at least 15 out of a possible 30 targets. The training phase was repeated until this success rate was achieved. During this phase, qualitative performance feedback was provided by the experimenter. A trial was deemed successful when the target contacted the head. In the experimental phase, performance feedback was no longer given.
Independent variables. Type of Environment (Rich and Poor) was modified as in the first experiment, along with Tendon Vibration and Target Offset.
Two different starting positions (Target Offset) were used to vary target arrival position along the displacement axis. These positions were computed on the basis of the participants' initial velocity (1.2 m.s
). These two different positions were used in order to force the participant to produce different trajectories, either by accelerating (1 m) or by decelerating (Ϫ1 m). The result planned was that if the participant had maintained his or her initial velocity unchanged, the target would have crossed the axis of displacement one meter in front of the participant (1 m condition) or one meter behind the participant (Ϫ1 m condition).
The first three tendon vibration conditions were identical to the ones used in the first experiment (Control, Left and Right). Two conditions (Left Stop and Right Stop) were added, in which vibration was stopped in the middle of the trial (4 s after target appearance).
The 20 experimental conditions (5 Tendon vibrations ϫ 2 Environments ϫ 2 Offsets) were repeated 5 times each, for a total of 100 trials split into three blocks of trials. In the first block (i.e., 20 control trials), participants had to intercept the moving target while neck proprioception was unaffected. During both the second (Left and Left Stop) and the third (Right and Right Stop) blocks, tendon vibration was applied to bias head proprioception. These two blocks comprised of 40 trials each (2 Offset ϫ 2 Environments ϫ 2 Vibrations ϫ 5 trials). Trial presentation was randomized within blocks. The order of the two tendon vibration blocks was counterbalanced across participants.
Data analysis. The analysis was based on the position-time series (sampled at 200 Hz) for each trial and for each individual. We used a forward and backward second order low-pass Butterworth filter with a cut-off frequency of 10 Hz. The time series of these variables were then averaged over time intervals of 250 ms. Thirty-two time intervals corresponding to the 8 s during which the target was visible were obtained using this procedure. The statistical analysis was based on the 24th, 28th and 32nd time interval (corresponding to 6th, 7th and 8th second). As discussed in the next section, we focused only on the second part of the trial that allows us to test our model (Equations 1 and 2) , where the velocity profiles should be different in the second part of the trial (i.e., in the last 3 seconds). All trials (successful or not) were used in the analysis, with data being synchronized with the moment the target made contact with the participant's head. The analysis focused on success rate and the way the participant modified his or her displacement over time. Success rate was transformed using an arc sinus function of the square root of the percentage of success (Abdi, 1987) , to perform subsequent statistical analysis. Finally, we examined the quantitative fit between the displacement velocity predicted on the basis of the model (based on Equation 1) and the displacement velocity produced by the participants, using regression analyses. Ideally we should have used Equation 2 to run simulations based on our model. This would have been possible if the exact consequences of the vibration had been known (especially in the stop conditions where both the lag and amplitude of the aftereffect were unknown), which was unfortunately not the case. Thus, rather than trying to approximate these values (amplitude and lag), we used an alternative method based on the comparison of the time course of velocity in each experimental condition with the time course of simulated velocity obtained with Equation 1. This procedure allowed us to test to what extent our model fit the data for each individual participant and each experimental condition.
Predictions. When the head-trunk proprioception is not altered (i.e., Control condition), participants should either accelerate or decelerate to intercept the moving target according to the Target Offset.
In both the Left and Right vibration conditions, tendon vibration should give rise to a misjudgment of the midline body axis (cf., Experiment 1). As a consequence, if the participants use proprioceptive signals to perceive the bearing angle, they should underestimate this angle when vibration is applied to the right hand side of the neck and they should overestimate this angle when vibration is applied to the left hand side of the neck. It is, however, worth noting that continuous tendon vibration should induce a more or less constant bias in the perception of the bearing angle. Consequently, the rate of change of the bearing angle should not be modified on a large scale, and according to our model (Equations 1 and 2) minor displacement velocity adjustments should appear in comparison to the control condition.
The predictions are different in both the Left Stop and the Right Stop conditions, where stopping tendon vibration in the middle of the trial should induce a perceptual aftereffect (Biguer et al., 1988) . This aftereffect should be in the opposite direction to the perceptual bias induced by the vibration (Biguer et al., 1988;  Figure 4A ). In the Right Stop condition, the bearing angle should be underestimated first and then overestimated as a consequence of the aftereffect. Consequently, the rate of change of the bearing angle should be modified and according to our model (Equations 1 and 2) specific displacement velocity adjustments should appear ( Figure  4B ). The increase in bearing angle accompanying the aftereffect should give rise to a decrease in displacement velocity in the second part of the trial. The participants should be able to compensate for these changes by accelerating accordingly in the very last part of the trial (because the bias due to the aftereffect remains constant during the second part of the trial). The reverse predictions can be made in the Left Stop condition. Following the aftereffect (i.e., the decrease in bearing angle), the participants should first accelerate and then decelerate in order to intercept the target.
To summarize all these predictions, according to our model, participants should produce very similar displacement velocity changes irrespective of the vibration conditions with the exception of the two stop conditions. Nevertheless the participants should be able to perform the task equally well in all experimental conditions. Finally, we expect the Environment to have an influence on participants' regulatory behavior. The displacement velocity adaptations described previously should be all the more pronounced because the environment is poor. The Rich environment provides the participants with additional information (optic flow) that should reduce (or even remove) the influence of the proprioceptive aftereffect. For the same reason, we expect the performance to be better in the Rich environment where more information is available to perform the task (Equation 2).
Results
Success Rate. On average participants had an overall success rate of 92.6%. A repeated measures analysis of variance with factors Target Offset, Environments, and Tendon Vibration on the transformed data revealed a significant effect for Environment (F(1, 5) ϭ 10.82, p Ͻ .05). Post hoc comparisons (Tukey) showed that, in the Rich environment condition, the performance (94.1%) was higher ( p Ͻ .05) than in the Poor environment (91.1%) condition. Conversely, Offset and Tendon Vibration had no influence on success rate (F(1, 5) ϭ 1. 17, ns; F(4, 20) Figure 5A ). Consequently, displacement velocity was not affected by continuous vibration of the neck muscles. However, both Left Stop and Right Stop conditions gave rise to specific displacement velocity profiles. One second before target interception (i.e., at the 7s interval), the velocity was significantly higher ( p Ͻ .05) in the Left Stop than in the Right Stop condition.
This result is in keeping with our predictions. In the Left Stop condition, participants increased their velocity in the second part of the trial and then produced a compensatory deceleration ( Figure   Figure 4 . Simulations of the expected perceptual (A) and motor (B) biases in the 'stop conditions'. A. Stopping tendon vibration in the middle of the trial should induce a perceptual aftereffect in a direction that is opposite to the direction of the perceptual bias induced by the neck muscle vibration. B. In these vibration stop conditions the rate of change of the bearing angle is affected, hence specific displacement velocity changes should appear. 5B-C). The opposite behavior was found in the Right Stop condition, where participants decreased their velocity in the second part of the trial and then produced compensatory acceleration ( Figure  5B-C) . Moreover, while these effects were present in both environments they were more pronounced (though not significantly) in the Poor environment condition ( Figure 5C ). However both Left Stop and Right Stop conditions were not statistically different from the control condition.
Behavioral strategy. We tested the fit of the model (Equation 1) to the data in every experimental condition. It is worth noting that an activation function (Equation 3) has been integrated in to the model to account for the time needed by the participants to use the rate of change of the bearing angle at the beginning of the trial. The activation function was close to zero during the very first second of the trial and then tended gradually to one during the next second. Moreover, the simulated velocity profiles (Figure 5 A-C) were obtained using the following constants: k 1 ϭ Ϫ0.2 and k 2 ϭ 0.019.
where is the rate of change of the bearing angle and t refers to time. This analysis revealed that the model provides a very good fit to the data whatever the experimental condition ( Figure 5A-C) . Regression analyses performed between simulated and participant data express this fit (mean r 2 : 72.4% and mean slope: 1.02) (see Table 1 ). Repeated measures analysis of variance with factors Tendon Vibration, Target Offset and Environment performed both on the slopes and the coefficient of determination revealed that neither the Environment nor the Tendon Vibration have an influence.
Although this quantitative analysis did not allow us to differentiate the stop conditions from the other conditions, it is worth noting that qualitatively our results are in total agreement with the use of a bearing angle strategy based (at least partly) on the use of the target direction coded through proprioception.
Discussion
The aim of this second experiment was to assess the role of proprioception in the control of an interceptive action. Previous studies (Chardenon et al., 2002 (Chardenon et al., , 2004 (Chardenon et al., , 2005 Bastin & Montagne, 2005) allowed us to propose and optimize a law of control (Equations 1 and 2) that may explain the behavior shown by participants exposed to various situations, including depriving the participants of several sources of information or even causing a conflict between them. This law of control links the rate of change in the bearing angle to the acceleration produced by the participant; that is to say when the bearing angle changes in order to intercept the object the participant has to accelerate or decelerate accordingly. The cornerstone of this law of control is that the bearing angle is available on the basis of either flow, visual and proprioceptive information (Figure 1 and Equation 2 ). The experiments realized so far provide only indirect evidence in favor of the use of proprioceptive information in the control of interceptive action (e.g., Bastin & Montagne, 2005; Wilkie & Wann, 2002) . In these experiments, we manipulated proprioception by using the tendon vibration paradigm. Our model (Equations 1 and 2) allowed us to make precise predictions about the type of behavior we would expect to see for each of the experimental conditions.
Our results emphasize the importance of proprioceptive information in the control of interceptive action. The results also highlight the relevance of our model as a possible explanation of how proprioceptive information may be used in the control process. For example, tendon vibration did not necessarily affect the participant's behavior, as evidenced by the similarities in movement kinematics that were observed in the Control, Left and Right vibration conditions. In both the Left and Right conditions, Tendon Vibration gave rise to a more or less constant bias in the perceived bearing angle, while the rate of change of the bearing angle remained unaffected. Conversely, when proprioceptive information was manipulated in such a way that the rate of change in bearing angle was affected (Left Stop and Right Stop conditions), the regulation behavior observed was different. The Right Stop condition resulted in a constant under estimation of the bearing angle in the first part of the trial followed by a constant over estimation of the bearing angle in the second part of the trial (due to the perceptual aftereffect). As predicted by the model (Equations 1 and 2), these manipulations induced specific displacement velocity changes: namely a decrease in displacement velocity followed by an increase in displacement velocity irrespective of the Offset condition. It is worth noting that, as would be expected, the Left Stop condition gave rise to same effects in the opposite direction: an increase in participant's displacement velocity in the second part of the trial followed by a decrease in displacement velocity whatever the Target Offset condition.
The Environment was also found to influence the participant's behavior. The influence of Tendon Vibration was more pronounced in the Poor environment condition than in the Rich environment one. In the dark, proprioceptive information was the only information allowing the participants to have access to the (rate of change of the) bearing angle (where both visual direction and optic flow were unavailable). Logically, the perceptual effect of tendon vibration is all the more pronounced because the environment is poor. When, however, a textured ground plane is added, other sources of information (e.g., flow information) allow the participants to have access to the rate of change of the bearing angle. Several studies have shown that the participants can learn to exploit several sources of information simultaneously while performing goal-directed actions (Warren et al., 2001; Wilkie & Wann, 2002 , 2003 Fajen & Warren, 2004; Chardenon et al., 2004; Bastin & Montagne, 2005) . In the Rich environment, tendon vibration affects specifically proprioceptive information while leaving flow information unaffected. As a consequence, in the Rich environment, the influence of Tendon Vibration is reduced. The reduction or even the disappearance of the influence of tendon vibration when the environment is structured has been frequently reported whenever a participant has to point toward a stationary target (e.g., Biguer et al., 1988; Velay et al., 1994) .
Conclusion
This work provides converging evidence illustrating the relevance of proprioceptive information in making perceptual judgments (Experiment 1) and in producing goal-directed action (Experiment 2). Indeed, proprioception has been showed to be crucial not only in locating a moving target with respect to the body but also, and more importantly, to produce online displacement velocity changes to intercept a moving target. Our model (Equations 1 and 2) accounts for the qualitative adjustments observed during the experiments but also for 72.4% of the experimental variance. For the first time, proprioceptive information has been shown, through direct testing, to be involved in the control of interceptive action. In addition to optic flow and visual direction, this source of information can be deemed a complementary source of information that the participant, engaged in interceptive action, can use to allow him or her to produce an appropriate behavior irrespective of the conditions encountered while performing the task.
